It has been noted that there are viscoelastic properties not only in skeletal muscle but also in papillary muscle (Alexander 1962; Hoffman et al. 1968; Little 1969; Pinto and Fung 1973; Grossman and McLaurin 1976) , and hysteresis characteristics inherent to its material has been presented in the left ventricle (LV) (Ullrich et al. 1954; . On the heart muscle, however, many investigators have not considered viscous element to play an important role except for the case of high output induced by isoproterenol infusion (Noble et al. 1969) or a less compliant ventricle in pathological state (Gaasch et al. 1975) , although there are still some controversies for this point (Grossman and McLaurin 1976; Rankin et al. 1977) . Recent research regarding the diastolic properties of heart muscle has been devoted to the developement of a clinical index of ventricular stiffness, and this has been based only on inflation curves of volume-pressure (v p) relations. However, it is also important to investigate the mechanical behavior of the LV when decreasing LV filling pressure. In the treatment such as vasodilator therapy, for example, LV v-p curves have been reported to change significantly by nitroglycerin or nitroprusside (Alderman and Glantz 1976; Brodie et al. 1977; Ludbrook et al. 1977) . In the present study, therefore, we intended first to declare v-p relations for both inflation and deflation through a wide range of LV filling pressure and to investigate mechanical properties of the LV. Monoee and French (1960) observed that potassium arrest had little influence on LV end-diastolic distensibility and a fibrillatiog heart was less extensible than in diastole. Powell et al. (1970) also found no difference between K+-arrested and beating hearts. Moreover, potassium arrested or anoxic arrested hearts have been used to evaluate the compliance and to calculate the tension of the beating heart (Gaasch et al. 1972; Taylor et al. 1967b Taylor et al. , 1969 . However, it has been reported that the contractile units in beating state may change their viscoelastic properties (Bartelstone et al. 1965; Sonnenblick et al. 1966; Monroe et al. 1968) . Thus, the second purpose of the present studies is to determine quantitatively whether v-p relations of non-beating states such as potassium arrest and fibrillation are coincident with that of beating state.
The results will show that LV compliance in non-beating states is different from beating state, and deflation curve in each state is not identical with that in inflation, showing hysteresis of the LV at any ventricular state.
METHODS
Isolated perfused heart preparations were used. The preparation is schematically shown in Fig. 1 . Eight mongrel dogs of both sexes, weighing 14-20.5 kg were anesthetized with sodium pentobarbital (30 mg/kg, i.v.) . The trachea was intubated and respiration was maintained with a Harvard respirator.
After a bilateral thoracotomy, coronary perfusion was maintained through the Langendorff technic by arterial blood from a support dog. Then the heart was fibrillated by A.C. current and excised.
Mongrel dogs were used for support dogs in each experiment.
Three main coronary arteries were cannulated as described below and coronary perfusion for the excised heart was performed through those three cannulated arteries by using three individual peristaltic pumps (Harvard 1215). The left circumflex coronary artery was carefully isolated from its origin for about 10 mm, and at this portion two cannulae were inserted in opposite directions, one for the circumflex coronary artery and the other for the left main coronary artery.
The right coronary artery was also cannulted just distal to its origin. After that, coronary perfusion through the Langendorff technic was stopped and all three coronary arteries were perfused independently, and the origins of the left and right coronary arteries were ligated.
As a result coronary circulation was completely separated from the LV cavity with the exception of Thebesian flow which was small. During the experiments, perfusion pressure was kept constant at about 100 mmHg. An abrupt increase in perfusion pressure was protected by a Starling pneumatic resister. Mean coronary flow of each channel was measured by square wave electromagnetic flow meters (Nihon Kohden, MF 46). Right coronary flow and left coronary total flow were maintained at about 15-20 ml/min and 80-100 ml/min/100 g of heart whight respectively.
A grooved rubber plug incorporating two non-distensible polyethylene catheters was secured by a heavy cotton tie about the atrioventricular groove .
One catheter was connected to a strain gauge pressure transducer (Togo Sokki, MPU 0.5), another to a manual syringe, with which the ventricular volume could be varied, and it was attached to a linear displacement transducer capable of measuring 10 cm of linear displacement. The aortic root was securely tied by a heavy string at the level of the semilunar valves, so that the isovolumetric preparation was accomplished. The heart was suspended from a ringstand via a heavy cotton tie sutured to the aortic root. The LV v-p relation was recorded as a continuous curve by infusion or withdrawal of a saline through the cannula. Before drawing v-p curves, satisfactory ventricular sealing was ascertained and established as a criterion for the acceptability of each preparation. Zero pressure was defined at the midportion of the LV cavity. A saline into the LV cavity was infused from 0 mmHg of LV filling pressure till around the level of a filling pressure of 50 mmHg, unless arrhythmia was induced during saline infusion, and it was withdrawn until about -15' -20 mmHg. Then, a saline was again infused till 0 mmHg of a filling pressure, and the initial and final v-p points were coincident. To avoid viscous effects between successive v-p curve determinations we waited for about 2 min. Although LVV at zero pressure (v0) was not able to determine in the present study, we approximated it from the volumes of a saline which were withdrawn from 0 mmHg until about -15 N -20 mmHg of LV filling pressure. The time required to draw v-p curve at inflation or deflation was about 45 sec. The right ventricular end-diatolic pressure was kept at 0 mmHg. The v-p relations were recorded on an X-Y recorder (Hewlett Packard, 7045 A) and an 8 channel oscillographic recorder (San-Ei Rectigraph 13-3-A). Surface ECG, coronary blood flow and perfusion pressure in each coronary artery were also checked during the experiment. In the beating heart, junetional pacing was utilized to keep a constant heart rate of 90-120/ min after the injection of 0.5-1.0 ml formalin into upper region of the A-V node. Potassium arrest was accomplished by the injection of 25°a KCl into the coronary circulation till. QRS complex of ECG was disappeared. To protect cardiac arrest in the support dog after the injection of 25% KCI, we discarded the KCl containing blood from the coronary sinus of the excised heart for about 3 min.
The experimental protocol is as follows : Defibrillation was accomplished following the establishment of the preparation, and the LV was allowed to contract isovolumically for a short period of stabilization (about 20 min). Then, after obtaining v-p relation for the beating state, that of the fibrillatiog was measured by inducing fibrillation. Following defibrillation, v-p relation of the beating state was measured again after a short stabilization. Finally, the v-p relation for the potassium arrest was investigated. Throughout the experiment the temperature of the heart was maintained at about 37°C by controlling the temperature in the water bath through which the coronary perfusing blood was conducted. The time required to accomplish all experimental procedures was within 1 hr. At the completion of study, the heart was weighed.
Analysis of v-p curves
Compliance dv/d p. The gross change in ventricular volume per unit change in ventricular pressure.
In the present study, dv/d p is expressed as vp-a -vp=o/p=a-p=0 at a given pressure (a). p=b ekv. It was assumed that the left ventricular diastolic v-p relationship is exponential and can be represented by the equation p=b ekv where p equals LV enddiastolic pressure in mmHg, v equals LVv in ml, b equals the extrapolated LV at zero v, k is the slope of the (log p)-(v) relationship, and e is the base of the natural logarithm (Gaasch et al. 1975) .
Values were given mean+s.E. The significance of difference in mean values between beating, arrest and fibrillation was determined by the paired t-test.
RESULTS

U-P relations in beating, arrested and fabrillating hearts
The v-p curves during isovolumic contractions, fibrillation and potassium arrest of the same heart were obtained in 8 experiments. Subsequently, 25% KCl solution was slowly infused into the coronary perfusion system till just before completely arrested, as illustrated in the panel 4. In the panel 5, complete arrest was induced by the additional injection of KCI. The last panel shows that at a given filling pressure in inflation the volume is the largest in contracting ventricle, followed by arrest and then fibrillation. This trend was also the same in deflation (Fig. 2) . In 8 experiments, the LVv (ml) for the beating, arrested and fibrillating hearts were respectively demonstrated at each filling pressure of every 5 mmHg (Table 1) . LVv of beating state at a given filling pressure was significantly larger throughout a wide range of filling pressure than those of arrested or fibrillating state over the time period tested. On the other hand, although the LVv of arrest was not significantly different from that of fibrillation in lower levels of a filling pressure, it was definitely larger than that of fibrillation at higher levels of a filling pressure ( Table 1 ). The v-p curves of beating hearts for inflation induced a slow rise of LVp at the beginning of saline infusion, while further saline infusion induced a rapid rise of LVp and its end-diastolic pressure (EDp) was about 30-35 mmHg. Then, v-p curve became almost flat and only a small change in the LVv was observed in spite of a marked increase of EDp. On the contrary, non-beating hearts showed a faster rise of LVp more than that of beating heart and did not seem to represent a plateau even about 35 mmHg of a filling pressure. Near 50 mm Hg of a filling pressure, however, v-p curve seemed to be almost flat, so that we stopped to infuse further saline into the LV cavity.
The pressure range investigated for v-p curves was close to that of Hood et al. (1970) , in which lactate Ringer's solution was infused into the LV to a pressure of about 40 mmHg (up to about 10% stretch of segment length). In acute hemodyaamic intervention such as angiotensin infusion in man, LVEDp was sometimes beyond 60 mmHg (Alderman and Glantz 1976 or LV developed pressure, vs. LVEDp have been investigated in the physiological range of LV filling pressure. On the other hand, Monroe et al. (1970) declared the relation between LV developed pressure and LVEDp by using excised perfused hearts in the wide range of LVEDp (i.e., 0 N 100 mmHg). In the present study, we tried to investigate the v-p relation until the high level of 50 mmHg of a filling pressure. As a whole the v-p curves of the LV for inflation at any ventricular state showed very similar to those seen in excised non-perfused LV or papillary muscles of dogs (Walker 1960; Spotnitz et al. 1966; Laks et al. 1967; Diamond et al. 1971) . During the slow decrement of the LV filling pressure fell abruptly at first and then slowly (Fig. 2 , Table 1 ). Therefore, even though the deflation from the inflation started at any levels of a filling pressure, LVp decreased very rapidly at first as shown in Fig. 3 . At the range of negative filling pressure, its concavity was opposite for that of positive filling pressure. Above negative filling pressure of 10-15 mmHg, no apparent change in volume was found, and v-p curve became also flat (Figs. 2, 3 ).
Hysteresis in v-p relation of the left ventricle
It was demonstrated that v-p curves of beating, arrested and fibrillating hearts were sigmoidal in inflation, as well as in deflation (Fig. 2) . Hysteresis was always observed between inflation and deflation v-p curves, namely the inflation curves of v-p relation always lay to the right of its deflation curves, and the hysteresis loop was almost coincident in spite of several repetitions of infusion and withdrawal of a saline, if LV filling pressure increased to the same level (Fig. 3) . As Comparison by volume stiffness indices between beating, arrested and fibrillating hearts dv/dp. This index indicated a significant difference between beating and arrested/or fibrillating hearts over the entire range of a filling pressure during inflation. This trend was also represented between beating and fibrillating hearts in deflation v-p curves. On the other hand, there was no significant difference between arrested and beating hearts except for 10 mmHg of LV filling pressure at deflation v-p curves, though mean values of beating hearts were higher than those of arrest under 35 mmHg of LV filling pressure. Mean values of dv/d p in arrested hearts were always higher than those of fibrillation, and a significant difference was present between LV filling pressures 2050 mmHg and 15 45 mmHg in inflation and deflation v-p curves, respectively. As a result, it was On the contrary, its value of fibrillating heart was the lowest among the three ventricular states in a wide range of LV filling pressures at both inflation and deflation v-p curves. There is also significant difference in k in beating vs. fibrillation (p <0.02) and arrest vs, fibrillation (p <0.01) for inflation v-p curves, but no significant difference for deflation v-p curves of the three ventricular states.
On the other hand, b values show relatively lower values in beating hearts (inflation; beating vs. arrest p< 0.02, beating vs, fibrillation n.s. deflation; beating vs. arrest, and beating vs. fibrillation p<0.05).
Bars and vertical slash represent mean values±s.E. in slope k and pressure intercept b of I (inflation) and D (deflation) of beating, arrest and fibrillation.
[III], inflation; , deflation.
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demonstrated that beating state was apparently more compliant than other two states (Fig. 4a, b) . p=b ekv. By using the v-p curves of different states, we investigated the log pv relationship. The relation between log p and LVv was almost linear between about 5 and 35 mmHg of LV filling pressure (Fig. 5) . According to Gaasch et al. (1972) , the constant b was 0.43 in excised nonbeating hearts. In our results, however, b values of each ventricular state were not coincident with 0.43 (Fig. 6) . Furthermore, constant b value decreased and k value increased in three ventricular states (Fig. 6 ) at a time when deflation v-p curves shifted to the left from inflation v-p curves (Figs. 2, 3) , and mean b value in beating state was generally the lowest among three ventricular states (Fig. 6 ).
DISCUSSION
LV v-p relations have been studied mainly using isolated anoxic arrested hearts (Laks et al. 1967; Diamond et al. 1971; Gaasch et al. 1972; Romerc et al. 1972) , or potassium arrested hearts (Taylor 1967a, b) and v-p relations of the arrested have been thought to be almost the same as those of the beating (Monroe and French 1960; Powell et al. 1970 ).
The present study revealed that the diastolic v-p relations in the beating hearts were not the same as those in the non-beating hearts such as the K+-arrested or fibrillating hearts over the time period tested, and the apparent shift in the v-p curves of the non-beating hearts from those of beating hearts was found not only for the inflation of v-p relations, but also for the deflation. Powell et al. (1970) argued about the reason for the apparent decrease in compliance of K+-arrested hearts, and they concluded that it was artificially caused by distortion of the LV that reduced the capacity of the ventricle at a given pressure. To avoid the distortion of the LV, the plug was secured in the vicinity of the mitral valve with a ligature around the atrioventricular groove and the preparation was not changed throughout the experiments. The excised heart preparation used in the present experiments showed developed pressure almost comparable to that described in previous reports (Monroe et al. 1970) . Therefore, it was likely to represent the isovolumetrically contracting model comparable to that of previous reports.
The v-p curve of arrested hearts, however, shifted to the right from that of isovolumically contracting hearts (Fig. 2) , and there was a clear discrepancy between our data and theirs.
Although the reason is not clear, there are several possible explanations for the difference. It has been reported that muscle contracture was brought about by increasing the external potassium concentration (Niedergerke 1956 ). Namely, Niedergerke (1956) used the different KCl concentrations ranging from 25 to 100 mM with a constant Ca concentration of 2.5 mM, and by using the strips of the heart of Rana temporaria and Rana esculenta he declared that there was hardly any tension at 25 mM KCl and the main tension increment occurred between 50 and 100 mM KCI. The concentration of KCl solution to induce cardiac arrest in the present study was the same as that of Powell et al. (1970) , who injected 10-30 mEq of 25% KCl mixed with blood into the LV cavity in the right heart bypass preparations and into the aortic root in the isovolumic preparations, but Monroe and French (1960) used 5% KCl solution to induce cardiac arrest. As found in Fig. 2 , the amount of KCl solution seemed to be important for the alteration of ventricular compliance, even if the concentration of KCl to induce cardiac arrest is the same.
Moreover, certain inotropic interventions have been reported to influence the LV v-p relation (Bartelstone et al. 1965; Sonnenblick et al. 1966) , and in addition Janicki and Web er (1977) demonstrated that alterations in ejecting pressure alone will influence the LV end-diastolic v-p relation. Similar findings have been also presented by other reporters Monroe et al. 1968 ). Based on their results one would predict the ventricle to be stiffer in the absence of developed pressure.
There are still controversies whether perfusion pressure affects the LV v-p relation (Abel and Reis 1970; Glantz and Parmley 1978) . We did not interrupt coronary perfusion, while Powell et al. (1970) stopped it during the experimenth. Although the interruption of coronary perfusion may be partly attributable (GreunerSigusch et al. 1973; Morgenstern et al. 1973; Apstein et al. 1977) , it remains to be clarified (Abel and Reis 1970; Glantz and Parmley 1978) . Monroe and French (1960) declared qualitatively that the heart in fibrillation was less extensible than in diastole. They thought that ventricular fibrillation was in a complex state of sustained contraction. There was no noteworthy difference in this point from our data.
In the present study v-p curves for inflation and deflation were both sigmoidal, and end-diastolic volume at a given filling pressure in deflation was always larger than that of inflation. Although hysteresis loop area was the largest in K+-arrest among three ventricular states, we have no comparative data for this point. The area of the loop is proportional to the energy dissipated in the loading-unloading process, and the damping characteristic of the muscle determined from the present infusing rate of a saline is likely to be insensitive to the "rate process" (Pinto and Fung 1973) , although in the intact heart the strain rate in diastole is very quick, and in its case the viscous forces may be linearly related to the rate of deformation (Rankin et al. 1977) .
As for the methods employed in the present experiments, following problems should be taken into consideration. First, the LVV under LV filling pressure of 0 mmHg (v0) may not have been determined accurately, because we estimated it from the amount of a saline which was withdrawn from 0 to about -20 mmHg of LV filling pressure. One reasons we accepted -20 mmHg for the determination of vo is due to a previous report (Monroe et al. 1970) , which stated that the ventricular cavity of the canine heart could be virtually obliterated by subjecting it to negative pressure of -20 mmHg.
Second, we neglected the Thebesian flow into the LV cavity in the brief period of the measurement of one v-p curve. As pointed out by Monroe and French (1960) , the Thebesian flow from the coronary vessels into the ventricular cavity was small, i.e., about 1 to 2 ml/ min when the ventricular cavity was at atmospheric pressure. Salisbury et al. (1960) also found 0 to 10 drops/min of the Thebesian flow into the left heart. Furthermore, our purpose was to compare the LV distensibility among three ventricular states by using the same technique. Thus, those lead us to neglect the Thebesian flow in the brief period of the measurement of the v-p relation.
Third, myocardial edema may be induced during the experiment when using the excised heart for the measurement of v-p relation, and it may lead to a decrease in LV compliance (Cross et al. 1961) . We had two control experiments to test for compliance changes with passage off time in the absence of interventions. However, there was no significant change in LV compliance for the same periods required to accomplish this present study. Thus, it was thought that the change due to gradual decrease in LV compliance was negligible.
Fourth, following the determinations for v-p curves of fibrillation, defibrillation was accomplished and v-p curves for the beating state were obtained again. Usually, the first and the second v-p curves for the beating state were almost coincident. Therefore, it was thought that irreversible alterations resulting from cardioversion were not induced during the experiment.
By using LV diastolic v-p relations, many indices for the quantitative assessment of LV compliance have been investigated. (Diamond et al. 1971; Gaasch et al. 1972; Fester and Samet 1974; Crossman and McLaurin 1976; Mirsky 1976) . Although hysteresis has been acknowledged in the LV (Ullrich et al. 1954; ) diastolic v-p relations of the deflation phase has not been analyzed quantitatively, while those of inflation have been mainly investigated (Monroe and French 1960; Laks et al. 1967; Taylor et al. 1967a; Hood et al. 1970; Powell at al. 1970; Diamond et al. 1971; Romero et al. 1972) . As for dv/d p it shows operative volume stiffness at a given range of LV filling pressure. This simple ratio was also affected by LV filling pressure as supposed from other volume stiffness indices (Mirsky 1976; Glantz and Parmley 1978) . However, it differentiated LV compliance of the beating hearts from those of non-beating hearts, if compared at the same LV filling pressure (Fig. 4a, b) . Therefore, when compared various ventricular states in the same heart, this simple index (dv/d p) was good enough to show the change in LV compliance.
The v-p curve exhibits curvilinear and empirical exponential equation p=bekv has been commonly used to characterise the v-p curve (Gaasch et al. 1972 (Gaasch et al. , 1975 Barry et al. 1974; Alderman and Glantz 1976; Ludbrook et al. 1977; Glantz and Parmley 1978) , and the linear relation between logp and LVV was found not only in inflation curve (Fig. 5) but also in deflation curve between about 5 and 35 mmlg of LV filling pressure. Mean b values in beating state were lower than those in nonbeating hearts, and this results may be in agreement with the previous reports in which before and during angina pectoris (Barry et al. 1974) or before and after nitroglycerin (Ludbrook et al. 1977 ) reversible changes in b are more prominent than changes in k. Thus, it is considered that the b value is also meaningful to estimate ventricular stiffness, and it is questionable to assume its value constant at any ventricular state, and further to use the data obtained from the non-beating hearts for the contracting or diseased hearts (Gaasch et al. 1972; Mirsky and Parmley 1973) .
Furthermore, it should be emphasized that the values of constant k in three ventricular states are not significantly different at deflation v-p curves. Thus, it is meaningless to use this value for the comparison of LV compliance, although it is also used in the case of relatively acute change in LV end-diastolic pressure such as vasodilator therapy (Alderman and Glantz 1976; Brodie et al. 1977; Ludbrook et al. 1977) .
Using the simplified assumptions based on the spherical geometry for the LV, Mirsky and Parmely (1973) calculated muscle stiffness kA. However, constant kA should be strongly affected by b values used for the calculation. Thus, though Mirsky himself has cautioned against its further use, this equation is also open to some doubt from this point of view.
Although it has been reported that hemodynamic changes following abrupt interventions such as the administration of angiotensin, sodium nitroprusside and nitroglycerin (Alderman and Glantz 1976; Brodie et al. 1977; Ludbrook et al 1977) do not simply move the LV along a single diastolic v-p curve, we think that one possible mechanism is dependent on its hysteresis of v-p curve. Finally, v-p data taken from postmortem or non-beating specimens must be considered with caution when calculating wall tension of beating state and using end-diastolic pressure interchangeably with end-diastolic volume. 
